16 17 Summary statement: Two duplicated maize SCARECROW genes control the development of the 18 endodermis in roots and the mesophyll in leaves 19 2 ABSTRACT 20 The highly efficient C4 photosynthetic pathway is facilitated by 'Kranz' leaf anatomy. In Kranz leaves, 21 closely spaced veins are encircled by concentric layers of photosynthetic bundle sheath (inner) and 22 65 recruited in the leaf rather than the root in maize, but the subtle phenotype reported in leaves of 66 Zmscr1 mutants precludes an understanding of the precise role played during Kranz development. 67 68 Both gene and whole genome duplication events are highly prevalent throughout the plant phylogeny 69 (Adams and Wendel, 2005; Blanc and Wolfe, 2004) and if retained in the genome, duplicated genes 70 are free to sub-or neo-functionalize (Moore and Purugganan, 2005; Ohno, 1970). Perhaps more 71 553 Adams, K. L. and Wendel, J. F. (2005). Polyploidy and genome evolution in plants. Curr. Opin.
mesophyll (outer) cells. Here we demonstrate that in the C4 monocot maize, Kranz patterning is 23 regulated by redundant function of SCARECROW 1 (ZmSCR1) and a previously uncharacterized 24 homeolog ZmSCR1h. ZmSCR1 and ZmSCR1h transcripts accumulate in ground meristem cells of 25 developing leaf primordia and in Zmscr1;Zmscr1h mutant leaves, most veins are separated by one 26 rather than two mesophyll cells; many veins have sclerenchyma above and/or below instead of 27 mesophyll cells; and supernumerary bundle sheath cells develop. The mutant defects are unified by 28 compromised mesophyll cell development. In addition to Kranz defects, Zmscr1;Zmscr1h mutants 29 fail to form an organized endodermal layer in the root. Collectively, these data indicate that ZmSCR1 30 and ZmSCR1h redundantly regulate cell-type patterning in both leaves and roots of maize. Leaf and 31 root pathways are distinguished, however, by the cell layer in which they operate -mesophyll at a 32 two-cell distance from leaf veins versus endodermis immediately adjacent to root vasculature.
33

INTRODUCTION
34
The C4 photosynthetic pathway, which is responsible for around 21% of global primary productivity 35 despite being found in only ~3% of plant species (Ehleringer et al., 1997; Sage et al., 2011) , is 36 underpinned by a specialized leaf anatomy known as Kranz (the German word for wreath) (reviewed 37 in Sedelnikova et al., 2018) . Unlike in C3 plants, where photosynthesis only occurs in the mesophyll 38 cells, the C4 pathway is separated between bundle sheath (BS) and mesophyll (M) cells, with the 39 two cell-types forming concentric wreaths around leaf veins (reviewed in Langdale, 2011) . Efficient 40 operation of the C4 cycle relies on an increased BS to M cell ratio relative to that seen in C3 plants, 41 an increase that is achieved by altering vein density so that vascular bundles are often separated by 42 only two mesophyll cells in a recurring vein-BS-M-M-BS-vein pattern across the leaf. In C4 monocots 43 such as maize, this high vein density results from the formation of small 'rank-2' intermediate veins 44 in between the lateral and rank-1 intermediate veins that are common to both C3 and C4 species 45 (Esau, 1943; Russell and Evert, 1985; Sharman, 1942) . Given the higher yields found in many C4 46 plants, there are ongoing attempts to engineer the C4 pathway into C3 crops (Hibberd et al., 2008;  and Arabidopsis. Given that the root endodermis and the leaf BS are considered analogous cell 64 types (Esau, 1943; Nelson, 2011) , it is possible that an ancestral SCR patterning function was 4 commonly, however, gene duplicates function redundantly. Indeed, there are many examples 72 illustrating the importance of genetic redundancy in plants, and without understanding phylogenetic 73 context, loss-of-function data can be difficult to interpret (Strable et al., 2017; Yi et al., 2015) . This is 74 particularly important in maize, which in addition to undergoing three ancient whole genome 75 duplication events common to monocots, has also undergone a more recent event not shared with 76 its close relative Sorghum bicolor (Messing et 
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To better understand the role of ZmSCR1 in maize development we first constructed a phylogeny of 81 SCR-related genes, which revealed that ZmSCR1 has a previously overlooked homeolog duplicate 82 ZmSCR1h. When transposon-induced loss of function alleles of both genes were combined, double 83 mutants exhibited leaf and root phenotypes that were not seen in segregating single mutant siblings.
84
Cell-type specification was perturbed in both the leaf and root of Zmscr1; Zmscr1h double mutants, 85 with endodermal defects observed in the root. Intriguingly, however, M rather than BS cell 86 development was primarily perturbed in the leaf. We present a quantitative analysis of single and 87 double Zmscr1; Zmscr1h mutant leaf phenotypes, plus expression data for both genes in developing 88 wild-type maize leaf primordia. The results are discussed in the context of how SCR function has 89 diversified in flowering plants.
90
RESULTS
91
SCR is duplicated in maize
92
To determine phylogenetic relationships between SCR-related genes in land plants, a maximum 93 likelihood phylogeny was constructed. Figure 1A shows that two clades of SCR genes are present 94 in both eudicots and monocots, with the underlying duplication event inferred after the divergence of 95 
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2J), and the ratio of rank-1:rank-2 intermediate veins ( Fig. 2J ), failed to confirm previous reports of 138 altered vein density and interveinal M cell number in Zmscr1-m2 mutants, but showed that Zmscr1-139 m2 mutants exhibit a small but significant increase in the ratio of rank-1:rank-2 intermediate veins 140 (Fig. 2J ). No significant difference was observed between wild-type and either Zmscr1h mutant allele 141 for any of the measured traits. Previous reports of supernumerary BS cells in Zmscr1-m2 mutants 142 (Slewinski et al., 2012) were confirmed, and the trait was also seen in Zmscr1h-m1 and Zmscr1h-143 m2 single mutants ( Fig. 2K ). However, very few instances were observed above background levels 144 in segregating wild-type siblings and over 97% of veins in mutant leaves were surrounded by a 145 6 normal BS cell layer ( Fig. 2K ). As such, it can be concluded that mutations in ZmSCR1 or ZmSCR1h 146 cause only minor perturbations to Kranz patterning mechanisms.
148
In the absence of any major defects in Zmscr1h mutant leaves, and given that root development is 149 perturbed in Arabidopsis mutants, we also examined cell-type patterning in single mutant roots. In Figure 4 shows that overall size and structure of the root is normal, with apparently typical 190 differentiation of cortex cells (Fig. 4A, B ). However, there is no clear boundary between the 191 vasculature and cortex ( Fig. 4E ). This pattern was also apparent in the seminal roots of Zmscr1- sclerenchyma ad-and abaxially to the vein at far greater frequency than in wild-type (Fig. 7) . In both 265 C3 and C4 monocots, sclerenchyma is associated with both lateral and rank-1 intermediate veins. 272 double mutants (Fig. 7B, D, E) , a ratio that is much greater than that seen in single Zmscr1-m2 273 mutants (Fig. 2J) . Notably, the extra rank-1 intermediates are not evenly spaced as in wild-type, but 274 instead can be immediately adjacent to other rank-1 intermediate veins (Fig. 7D The presence of mutant alleles and the sites of insertion were elucidated by PCR using a 1:1 mix of 412 two primers (EOMu1 and EOMu2, Fig. S2B , C) designed to amplify out from both the 5' and 3' end 413 of the Mutator element, and a primer amplifying from the gene sequence adjacent to the predicted 414 insertion site ( Fig. S2B, C) . The presence of the wild-type allele was confirmed using a pair of primers 415 that flanked the insertion site ( Fig. S2B, C) . In some cases, the 'wild-type' primers amplified across 416 the transposon producing a larger product size from mutant alleles than from wild-type alleles.
417
However, in most cases there was no amplification with these primers when only the mutant alleles 418 were present. PCR amplifications were carried out in a total reaction volume of 10µL containing 5 419 µL of 2xGoTaq master mix (Promega) and 2.5 µL of 4M betaine. Reaction conditions were as follows: 
